• Arabidopsis thaliana is a reliable host to study plant cell cycle activity as well as cytoskeleton rearrangements in nematode feeding sites.
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HIGHLIGHTS
• Arabidopsis thaliana is a reliable host to study plant cell cycle activity as well as cytoskeleton rearrangements in nematode feeding sites.
• Giant cells can be used as a model to study how the cell cycle functions in this highly specialized plant cell type as well as in other plant cells.
• Cell cycle activity is essential for the induction and development of galls and information generated in these studies will contribute to the design of strategies for nematode control via biotechnology.
INTRODUCTION
Root-knot nematodes (RKN) (Meloidogyne spp.) are phytopathogens widely distributed over tropical, sub-tropical and temperate regions around the world. These nematodes rank as one of the world's top five economically destructive groups of pathogens affecting world's food production. Their parasitism leads to hypertrophy and hyperplasia of cells of the vascular cylinder producing root swellings commonly known as "galls" or "root-knots". As well, nematode infection results in above ground symptoms on susceptible plants. Depending on the plant species, symptoms may include leaf yellowing, defoliation, stunted growth and wilting, which collectively reduce plant vigor and cause yield losses in mass or quality. An estimated 12.3% of annual agricultural crop production is lost due to RKN causing around US$157 billion yearly loss [1] .
Nematode infection and gall induction
Obligate Meloidogyne spp. endoparasites enter as pre-parasitic stage 2 juveniles (J 2 ) into the root host tissue (Figure 1 ) at the root elongation zone and migrate intercellularly towards the root tip (Figure 1a ), where they turn around and proceed to reach the differentiating vascular zone [2] . Then, the J 2 select 5 to 7 vascular cells in which they insert their protractible stylet and inject secretions to induce the nematode feeding site (NFS) (Figures 1c, d, g-i) . Upon development, this NFS will withdraw nutrients and photosynthates from nearby tissues, mostly xylem and phloem elements, on which J 2 feed. Thus, RKN are biotrophs which can only nourish on live cells.
After feeding has started, J 2 will further develop for approximately 2 weeks through subsequent molts to J3, J4, females (Figures 1j-o) and males [3] . Sex differentiation occurs during the development of the J 3 when males and females display internal distinguishable morphological traits. Egg laying occurs through parthenogenetic or amphymitic reproduction [4] . Sedentary adult females lay eggs, remaining within the root tissue (Figures 1i, o) while vermiform males leave the host tissue. The presence of Histopathology of galls in Arabidopsis thaliana males is thought to be linked to environmental stresses and to nutritional deficiency, and often occur in plants containing mutations in genes important for compatible plant-nematode interaction [5] .
Feeding sites induced by root-knot nematodes
In host plants, each nematode-induced root swelling may contain one or more NFS depending on the number of J 2 that established successfully in the root. A gall induced by Meloidogyne spp. does not involve the endodermis, cortex or epidermal cell layers, although root hairs seem to be induced around the infection site. As the gall expands, the cortex and epidermal cell layers tend to flop off [6] (see toluidine-stained gall sections in Figures 1g-h ). The first sign of giant cell (GC) initiation by a RKN is the induction of one or several binucleate feeding-cells [6, 7] (Figure 1c ). This state of GCs is reached via consecutive nuclear divisions (karyokinesis) along with a failure to undergo complete cytokinesis [8] [9] [10] . At later developmental stages, GC nuclei enlarge (Figure 1i ) via endoreduplication as discussed below. During these mitotic events in GCs, no cell wall is observed between recently divided nuclei, although cell wall stubs may form between nuclei extending to the cell wall [7, 10] . Cell wall fragments are rarely seen between the nuclei [11] , due to aborted cell plate formation.
Arabidopsis thaliana: a model plant to study plant-RKN infection
During the last twenty years, the use of Arabidopsis thaliana (Linnaeus) as a model plant accelerated discoveries at the molecular and cellular level in numerous plant-pathogen interactions. The availability of the complete genome of Arabidopsis together with a collection of mutant lines available in public collections (e. g. SALK and GABI collections) favored its use as a model host for studies of gene function in plant cells during pathogen interaction. Arabidopsis is susceptible to a number of pathogens including viruses, bacteria, fungi, nematodes and insect pests responding to pathogen attack in a similar manner when compared to cultivated plant species. Furthermore, there are several protocols available for Arabidopsis transformation. Its rapid growth, short life cycle and the easy to handle it under laboratory conditions favors compatible interaction studies with plant pathogens (Figure 2) , in soil or in vitro (Figures 2a, c, f, g ). Arabidopsis roots have a simple anatomy and when grown in vitro they are translucid (Figures 2f, g ) making in vivo observations easier. Roots are composed of a vascular cylinder harboring xylem and phloem tissues and the vascular parenchyma, the last is the tissue used by RKN to induce galls (Figures 1a, e, f) . The pericycle tissue is often stimulated to form lateral roots close to the NFS. Nematode feeding site in Arabidopsis are surrounded by one endodermal cell layer, one cortical and an external epidermal cell layer (Figures 1g-i) presenting numerous root hairs.
Nematode-induced GCs have been successfully used to study plant gene function and it stays important to further dissect GC function and behavior in NFS. Three dimensional reconstruction of GC shape and volume estimation has been presented by Cabrera et al. [12] demonstrating that GCs present very irregular shapes. GC volume in Arabidopsis ranged from 7081 µm 3 at 11 days after inoculation (DAI) to over 14.5 million µm 3 at 40 DAI. Sphericity measurements accused that most feeding cells are elongated as seen in longitudinal gall sections (Figures 2d, h ) and abundant protuberances and crevices were also detected [12] . The diameter of the largest surface in GCs within Arabidopsis galls can reach up to 500 µm at late developmental stages (40 DAI). Studies by Cabrera et al. [12] also reported the presence of typical elongated cell protrusions close to the nematode head suggesting a relation to feeding tubes. These protrusions show an accumulation of microtubules and organelles close to the nematode head as observed by in vivo monitoring galls expressing GFP fusions and by electron microscopy observations [10, 13] . Our and other studies have shown that Arabidopsis is well suited for functional analyses to decipher plant gene function during nematode infection. This review will focus on functional studies which allowed us to identify genes involved in cell cycle progression and to analyze the cytoskeleton organization in NFS [6, 14, 15] .
Nematode infection conditions and infection tests on Arabidopsis seedlings In soil infection
In soil (Figure 2a Repetitions should be performed in the same season so that infectivity levels of J 2 will be closest giving the smallest standard deviation. The nematode life cycle in Arabidopsis plants grown in the conditions described will last from 25 to 35 days depending on the season. During spring and summer in Europe nematodes present a shorter life cycle (~25 DAI) compared to winter time (~35 DAI). Once infection tests are concluded, roots can be stained with acid fuchsin, to optimally visualize egg masses for counting under a stereo microscope. For nematode maturation assessment, fuchsin-stained infected roots are imaged using a standard light microscope and RKN developmental stages are determined and compared between mutants and wild-type control infected roots (Figures 1j-o) . 
Histopathology of galls in Arabidopsis thaliana
For the functional analysis of genes involved in NFS development preliminary infection tests are needed to select lines which are potentially partial resistant. The latter are candidate genes for further studies. To our knowledge, knockout and overexpressing Arabidopsis lines for the plant genes studied have never been identified to be fully resilient. Once galls and egg masses are recorded, they can be collected for comparative morphological analysis by light microscopy (Figures 2d, h ) and electron microscopy (Figures 2e, i). Galls infected at earlier time points can also be collected to functionally observe the lack or ectopic expression of genes during the process of gall development [16] . For a quicker analysis, galls can be cleared in CLP (chloro-lacto-phenol) [16] and directly observed under a microscope (e. g. Figure 1b -d for wild-type cleared galls).
Galls generated in soil for infection tests can also be used for further cellular analyses. We collect fresh galls and prepare thick slices (100 to 300µm) using a vibratome [13, 17] for the in vivo localization of protein-GFP fusions and to study their dynamics [10, [18] [19] [20] [21] . Here, roots should not be older than 30 DAI since too much lignified cell walls may prevent optimal sectioning. Freshly prepared vibroslices can also be fixed and used for in situ hybridization [7] and nuclei observations after staining with DAPI or propidium iodide (Figure 3a) . Additionally, vibroslices can be used for immunocytochemical localization of proteins [19] (Figures 3c-d ), promoter-GUS fusion studies, as well for morphological analysis of mutants compared to wild-type Arabidopsis lines. Nuclei extraction for flow cytometry can be performed on sliced Arabidopsis galls grown in soil [5, 18, 20] .
In vitro infection
For specific analysis, in vitro grown Arabidopsis are better suited than in soil grown infected plants. Transparency of Arabidopsis galls generated of in vitro grown seedlings are much better for in vivo confocal imaging of intact NFS since cell walls are thinner and the reduced autofluorescence facilitates confocal 3D imaging. Also, root morphological features as meristem size and cell shape are more homogenous in plants grown in vitro. Moreover, studying the effect of drug treatments or other products on in vitro grown seedlings is much easier to control and is useful to study gene function Histopathology of galls in Arabidopsis thaliana during nematode infection. Tests can be performed in a chamber slide system (Nalge Nunc Lab-TekII, U.S.A.) permitting a long-term microscopy observation of galls during the entire progress of nematode infection while maintaining optimal conditions for nematode development and confocal imaging simultaneously.
To generate in vitro grown plants, seeds are germinated in MS medium and after 10 days transferred to KNOP medium to stimulate root development [7] . At this stage, plantlets should be grown vertically to allow roots to grow at the surface of the medium. This will facilitate access of J 2 to infect roots. Petri dishes containing Arabidopsis seedlings are kept under growth chamber conditions with a light regime of 16 h of light and 8 h of darkness at 21 °C/18 °C respectively. Around 15 days after germination each seedling is infected with 100 sterile J 2 and galls are harvested at the time point after infection of interest for further analyses [7, 22] . Root growth and development and potential root phenotype alterations can be assessed on in vitro grown seedlings, while for in soil this is hardly possible. Sterile nematodes can be generated in different manners: 1) culturing sterilized nematodes on several long-term in vitro systems using transgenic tomatoes or in vitro cultured cucumber roots [7, 22] ; or 2) nematodes can be surface sterilized in mercury and treated on streptomycin, kanamycin or hygromycin and extensively washed before using for in vitro infections.
In vivo microscopy observation of nematode feeding sites using whole mounts or fresh tissue sections
For standard histological analysis, root galls are fixed and plastic embedded. Although this method offers excellent morphological details, it is not suitable to follow dynamic processes. Therefore, in vivo imaging has to be performed on freshly prepared samples. Using thick vibroslices of live galls we were able to record the dynamics of numerous organelles, cellular components and the plant cytoskeleton [14] (Figure 4) . In vivo observations were performed using a number of GFP and YFP protein fusions transgenic lines, available mostly for Arabidopsis. This allowed us to study the dynamics of the plant cytoskeleton and proteins involved in the cell cycle in NFS (see sections below). Young intact or vibrosliced mature galls were examined to visualize the cytoskeleton of normal plant cells and FS in vivo [10, 19, 21, 23] . In vivo observations of proteins involved on the plant cell cycle have also been reported [18, 20] . Although freshly prepared non-fixed vibroslices of plant tissues are well-suited to study organelle dynamics, we have adapted the whole mount and vibroslice procedure including fixation, clearing and organelle staining. This allowed us to generate high quality images of nuclei in cells of roots and galls in all stages after nematode infection [24, 25] . The latter approach has been shown to be extremely useful to functionally analyze the effect of cell cycle genes on GCs and their nuclei [5, 18, 20] . DAPI (4',6-diamidino-2-phenylindole) and propidium iodide stained nuclei of GCs overexpressing cell cycle inhibitor genes of the KRP family have shown cumulative mitotic defects. As galls develop, we observed elongated nuclei that seem to be connected, different from the amoeboid-shaped nuclei present in wild-type GCs [18, 20] . Ectopic expression of CCS52B in Arabidopsis galls showed large nuclei with enlarged chromocenters in comparison to wild-type GCs [5] . A simplified version of the whole mount clearing procedure to visualize nuclei has been applied to Arabidopsis roots treated with drugs to synchronize and arrest the cell cycle [25] . Data obtained by in vivo observations using fluorescent protein markers can be validated by standard immunocytochemistry using antibodies and visualization by fluorescently-labeled secondary antibodies (Figures 4c, d, f) . Currently, our whole mount procedures for galls are being adapted to improve antibody penetration and GFP preservation in large tissue samples.
The plant cell cycle Nematodes activate and steer the cell cycle and the endocycle in feeding cells
The eucaryotic cell cycle control is rather conserved and characterized by four phases: the S phase (DNA replication) is followed by the M phase (mitosis, cytokinesis and cell division). These are intercalated by the G1 phase (first gap) which connects the end of mitosis to the start of DNA synthesis, and the G2 phase (second gap) which connects the end of DNA synthesis to the start of mitosis ( Figure 5 ).
Considerable progress has been made in recent years in understanding the molecular basis of the plant cell cycle and the endocycle with focus on the model plant A. thaliana [17] . The endocycle is a variant http://dx.doi.org/10.4322/nematoda.00616 Histopathology of galls in Arabidopsis thaliana of the cell cycle in which replication occurs without mitosis or chromosome condensation, resulting in a doubling of cellular DNA ploidy in each endocycle round [26] . Both, the mitotic cycle and the endocycle, are essential for the compatible interaction between nematodes and their host plants. Proliferating cells are able to obstruct their transition to mitosis after they have completed chromosome replication for a switch from the mitotic cell cycle to the alternative route, the endoreduplication cycle [27] . The latter is important for plant development and repeated endocycles are often correlated with an increase in cell size [28] . It has been shown that stimulating the endocycle is beneficial to the increase of metabolic activity of particular cells [29] such as the giant nematode-induced feeding cells [5] . Both the mitotic and the endoreduplication cycles are propelled by analogous cell cycle machinery [30, 31] . Cell cycle activity is achieved by the interaction of cyclin-dependent kinase (CDK) with cyclins. Activity of CDKA-cyclin complexes is also a major regulator of endoreduplication [32, 33] . Promotion of the G1/S transition and inhibition of mitotic activity is a pre-requisite to activate the endocycle and mutant analysis of these genes is essential to dissect the endocycle under various environmental conditions including during pathogenic attacks by plant parasitic nematodes [5, 34] . In order to identify the key elements responsible for the induction of the cell cycle machinery in root cells and in NFS in the model host Arabidopsis, a detailed expression analysis of 61 core cell cycle genes have been carried out (de Almeida Engler et al., unpublished data). Functional studies have shown that key cell cycle activators as well as cell cycle inhibitor genes are a crucial part of the cell cycle machinery that takes place during NFS induction and maintenance [35] . Root-knot nematodes are able to rapidly alter the plant host cell cycle. Few hours after penetration CDKA;1 and CDKB1;1 promoter activity is already detectable [7, 36] and transcription activity of CDKA;1, CDKB1;1,CYCB2;1 and CYCB1;1 are observed during these initial infection stages [7] . Transcripts of other cell cycle genes like the endocycle activators CCS52A1, CCS52B, and the endocycle inhibitor DEL1 also have been detected in RKN-induced feeding sites [5] . Also, the expression pattern of four members of the Arabidopsis KRP inhibitor gene family (KRP2, KRP4, KRP5 and KRP6) illustrates that not only cell cycle activators but also inhibitors are important players to promote NFS development. The timing and levels of expression of genes acting at different phases of the mitotic cell cycle and endocycle will ensure activation or inhibition at the proper time during gall development, bearing in mind that nematodes must maintain the host root cells live to nourish during their development. During initial gall development, the mitotic cell cycle is activated resulting in several multinucleate giant-feeding cells and dividing neighboring cells. In the course of the first nuclear division, binucleate GCs (illustrated within the scheme in Figure 4 ) are formed harboring enlarged nuclei which are most likely diploid in order to further divide. The origin of this initial nuclear enlargement is unknown, and this nuclei phenotype might be the result of nematode secretion or plant compounds causing DNA relaxation (illustrated in Figure 4 within the mitotic cycle). As GCs further expand, acytokinetic nuclear divisions occur often in a synchronized fashion as seen by cleared DAPI stained nuclei [37] . Functional analyses of cell cycle genes such as the KRP and members or the CCS52 gene family revealed that nuclei morphology is disturbed during gene overexpression [5, 18, 20, 35] . These changes in nuclear shape are more drastic as the gall becomes older (around 30 to 40 DAI) suggesting a cumulative effect in time. Atypical nuclei phenotypes are less frequently seen in knockout lines most likely due to redundancy of function between genes belonging to the same family. During GC development the phase of high mitotic activity ceases and is followed by a phase in which DNA endoreduplication takes over resulting in increased ploidy levels and size of GC nuclei [18] . Expression and functional analysis gave us insight into the role of a number of core cell cycle components showing that endoreduplication cycles play a role in GC expansion [14] . The presence of multiple and enlarged nuclei is probably needed to maintain a continuous high metabolic activity of feeding cells surrounded by proliferating xylem and phloem cells responsible for nutrient and water transfer to GCs allowing nematodes to grow and develop into enlarged egg laying females. Why abundant dividing neighboring cells during gall development are important is not yet clear. It is likely that signals coming from GCs could cause mitotic induction to surrounding cells via plasmodesmata signaling [38] . Galls and GCs may develop in the presence of very few neighboring cells, as illustrated by the presence of functional feeding cells in KRP overexpressing lines [18, 20] . The mitotic cell cycle machinery is considered pivotal for the formation of NFS. The induction of a mitotic block by mutation of core cell cycle genes or by using drugs, completely inhibits gall development. This demonstrates that endoreduplication or alternative ways of DNA amplification are not sufficient to drive GC expansion [7, 14] . Although expansion of GCs appears to be tightly related to the endocycle an initial mitotic phase is essential for GC and gall initiation [7] . In summary these studies reveal that root galls develop as a result of the competence of nematodes to exploit the host cell cycle molecular apparatus. A deeper analysis of other components of the cell cycle machinery such as those http://dx.doi.org/10.4322/nematoda.00616
Histopathology of galls in Arabidopsis thaliana controlling cell cycle check points or the proteasome pathway will allow further understanding of the mechanisms used by nematodes to drive the cell cycle in NFS. Also the complexity of cell cycle gene modulation occurring in GCs has shown to provide a useful model to better understand the plant cell cycle gene function [14, 20] . Moreover, NFS development intervenes with other fundamental developmental processes in plant roots. These comprise the cellular metabolism, cell wall architecture, hormone homeostasis, epigenetic mechanisms, and the cytoskeleton discussed bellow.
The plant cytoskeleton in nematode induced galls The microtubule and actin cytoskeleton organization in giant feeding cells
Plant cell structure and shape is greatly influenced by the cytoskeleton. Considering the severe enlargement of GCs, it is predictable that their cytoskeleton is largely reorganized. The invading nematode is most likely directly responsible for this reorganization (Figures 4a, b, f, g ). We have observed in detail GFP-tagged microtubules (MT) using a transgenic line harboring the microtubule binding domain (MBD) of MAP4 fused to GFP [10] (Figures 4a, b) . As well actin microfilaments (MFs) were visualized in galls using the transgenic lines GFP:mTalin or GFP:FABD and compared with data obtained from plant cells [39, 40] (Figure 4g ). Initially we performed immunocytochemical studies revealing the altered organization of microtubules and the actin cytoskeleton in nematode feeding cells [10, 41] ( Figure 4f ). Based on in vivo and immunocytochemistry studies, both cytoskeleton elements seem highly disorganized and partially depolymerized in the cytoplasm of GCs (Figures 4a, f, g ) but with a complex network of cortical MT along the GC plasma membrane (Figure 4b ) during interphase [10] . In vivo functional studies and a GFP decorated cytoskeleton, used to visualize dynamic changes occurring in the actin [10, 21] and microtubule cytoskeleton, are helping to identify cytoskeleton binding proteins involved in these GC rearrangements [10, 11, 19] .
Transcriptional upregulation of plant cytoskeleton genes is observed in giant cells
Transcriptional activity of actin and tubulins genes has been reported in galls induced by M. incognita [13] . ACT2 and ACT7 promoter activity is significantly increased just few hours after nematode infection. Both ACT promoters react to cell proliferation [42, 43] , to hormones and wounding [43] . It is known that RKN pierces host-root cells to feed, they alter hormone levels [44] and induce mitotic activity in giant and neighboring cells. Similar phenomena occur during plant-fungi interactions [45] . Also high transcript levels of α-, β-and γ-tubulin genes have been observed mainly during early infection stages, followed by a decrease around 25 DAI [10] and transcriptional activation of tubulins has also been observed during other plant interactions, as ecto-and endomycorrhizas, suggesting the importance of cytoskeleton rearrangements in plant host cells [46, 47] . High transcription activity of genes encoding microtubule (MAPs) and actin associated proteins in NFS implies their need to allow proper assemblage of the cytoskeletal network in the plant host. Which cytoskeleton components are needed for proper establishment and functioning of GCs is yet to be identified, therefore studies are under way to understand this facet of the complex interaction between plants and nematodes.
The cytoskeleton architecture is largely disturbed in giant feeding cells
During the mitotic phase of GCs two mitotic arrays, spindles and phragmoplasts, are observed. Pre-prophase bands (PPBs) in dividing cells are important to pre-determine the site where new cell walls should be formed, but they never have been detected in GCs. This might explain why complete cell walls are not built following karyokinesis in GCs. However, enlarged, and irregularly aligned spindles were often observed [10] . Also phragmoplasts composed of microtubules (MTs) and filamentous actin (F-actin) [48] are short in GCs, and when they are present they are misaligned [10, 41] . Phragmoplast misalignment may interfere with cell plate synthesis and disrupt/alter vesicle positioning and fusion consequently causing abortion of cell plate formation preventing cytokinesis [8, 19, 41] . Total abortion of cell wall formation [8] can occur in GCs as well the development of cell wall stubs which meet one side of the GC wall but aborts before completing cytokinesis is occasionally seen in GCs [7, 19, 41] . The latter however occurs more often in transgenic knockout or overexpressing lines of various cell cycle core proteins [5, 6, 14] . Neighboring cells surrounding the GCs divide notably and often present curved and asymmetrically placed phragmoplasts guiding the formation of different layers of cells surrounding and protecting the central giant feeding cells [15] . 
Histopathology of galls in Arabidopsis thaliana
Immunocytochemical studies revealed that during interphase an intense but dispersed cytoplasmic tubulin and actin staining was seen in GCs [10, 19] . These observations are supported by GFP in vivo analysis (Figures 4a, b, g ). Differently, actin in the vascular tissue of uninfected roots is visibly filamentous (Figure 4e ). The strong and diffuse fluorescence within the GC cytoplasm is most likely the result of de novo synthesis of tubulin dimmers and actin monomers, or due to the depolymerization of existing MT and actin filaments, resulting in an abundant pool of free tubulins and actins. Also, thin actin filaments in the cytoplasm of GCs appear fragmented (Figure 4f) , possibly due to depolymerization or severing of filaments [10, 41] .
Effects of cytoskeleton-disrupting drugs and cytoskeletal interacting proteins on nematode feeding sites
Studies which make use of cytoskeleton-disrupting drugs combined with the functional analysis of cytoskeletal mutants or overexpressing lines demonstrate that both MTs and actin filaments are crucial for the development of feeding cells induced by parasitic nematodes.
Nematode infected roots were treated with different cytoskeleton inhibitors like taxol (stabilizes MT), oryzalin (destabilizes tubulins), cytochalasin D and latrunculin A (both destabilize actin) [13] . MT stabilization clearly caused a delay in NFS development and resulted in improper maturation of the infecting juveniles, most likely by disturbing nematode feeding.
On the other hand, drug-induced depolymerization of the actin and/or MT polymers, which caused the breakdown of the cytoskeleton seemed not to disturb a gall already formed, resulting in the completion of the nematode's life cycle [10] . The plant cytoskeleton contributes to cytoplasm viscosity [49] and a degree of cytoskeleton fragmentation will possibly facilitate the ingestion of the large cytoplasm volumes taken up during the nematode feeding process. In addition, nematode secretions contain proteins that could interact with MFs or MTs or act indirectly on plant gene expression, thus influencing the reorganization of the host cytoskeleton.
To support the idea that fragmented MTs and F-actins are necessary for optimal nematode feeding three cytoskeleton interacting proteins were functionally studied in uninfected and nematode infected roots [25] . Cytoskeleton associated proteins and ABPs play essential roles in controlling MTs and actin dynamics and organization. AtFH6 and MAP65-3 were identified by a promoter trap strategy as genes expressed in GCs in Arabidopsis [11, 50] . A candidate gene approach has shown the key role of ADF gene family in the actin cytoskeleton stabilization in plant cells [51] . Both MAP65-3 and ADF2 functions have been functionally analyzed and shown to be important for GC development in Arabidopsis [11, 21] . Genome-wide expression profiling of the plant host response to RKN infection also identified Arabidopsis regulated genes encoding several classes of cytoskeletal proteins comprising formins, ADFs, annexins, villins, MAP65s and kinesins [52] [53] [54] . A lack of function of the microtubule associated protein MAP65-3 may cause the accumulation of defects during repeated mitotic events preventing the development of functional giant-feeding cells [49] . Localization of the formin gene AtFH6 at the plasma membrane suggests its involvement on the regulation of isotropic growth of giant-feeding cells via the control of actin cables assembly at the plasma membrane [6, 50] . Inducible downregulation of ADF2 in RNAi lines revealed the stabilization of the F-actin network in uninfected root vascular tissue and in RKN-induced galls [21] . The knockdown of ADF2 prevented GC expansion caused by the decrease in F-actin turnover on the actin network inducing the stabilization and bundling of the actin cytoskeleton. This actin cytoskeleton stabilization prevented nematodes to mature into females and to generate eggs. Therefore, the high expression of ADF2 in nematode feeding cells induced by RKN seems to be important to induce destabilization and break down of the actin cytoskeleton for a successful nematode infection.
These functional analyzes validate former experimental data focused on feeding cell cytoskeleton rearrangements under drug treatments supporting the model that reducing cytoskeleton density in the cytoplasm contributes to the susceptibility of the plant host to RKN [10, 21] . It is important to identify other cytoskeleton-binding proteins implicated in its reorganization in feeding cells and the pathways regulating their activity. Preliminary functional studies indicate that members of the fimbrin cross-linking actin proteins may also be involved in cytoskeleton ontogeny in GCs (de Almeida Engler and Ketelaar, unpublished data) and it will be key to find out if these cytoskeleton regulating proteins are under the direct control of nematode secreted proteins. 
CONCLUSION
A. thaliana has been recognized as a model for the susceptible plant-nematode interaction. The short life cycle, small size, simple anatomy and collection of mutant lines publicly available are great arguments for its use. Several methodologies employed in cellular studies have been adapted for the visualization of NFS and for functional studies of the interaction of the RKN M. incognita with this model host. Application of these methodologies to investigate the cell cycle has been reviewed [14] . Our studies have demonstrated that GCs can be used as a model to better understand how the cell cycle functions not only in this highly specialized plant cell type but also for uninfected plant cells [14, 20] . Studies performed on the cytoskeleton in giant-feeding cells have shown the relevance of cytoskeleton remodeling in NFS [15] . The better understanding of the fundaments of GC induction and functioning will play a major role in the production and release of nematode-resistance genotypes, with positive impact on crop improvement. Altogether, the information generated in these studies will undoubtedly contribute to the design of improved strategies for the control of this pathogen and to finally contribute for a more sustainable agriculture in a world where human population is growing exponentially.
